We show that a TeV scale inverse seesaw model for neutrino masses can be realized within the framework of a supersymmetric SO(10) model consistent with gauge coupling unification and observed neutrino masses and mixing. We present our expectations for non-unitarity effects in the leptonic mixing matrix some of which are observable at future neutrino factories as well as the next generation searches for lepton flavor violating processes such as µ → e + γ. The model has TeV scale W R and Z ′ bosons which are accessible at the Large Hadron Collider.
Introduction
A precise understanding of the origin of observed neutrino masses and mixing is one of the major goals of particle physics right now. A simple paradigm for understanding the smallness of the masses is the seesaw mechanism [1] where one introduces three Standard Model (SM) singlet right-handed (RH) neutrinos with Majorana masses M N , which mix with left-handed (LH) ones via the Yukawa coupling LHN. The resulting formula for light neutrino masses is given by
, where M D is the Dirac neutrino mass. Since the SM does not restrict the Majorana mass M N , we could choose this to be much larger than the weak scale thereby providing a natural way to understand the tiny neutrino masses. This is called the type I seesaw. There are several variations of this mechanism where one replaces the RH neutrino by either a SM triplet Higgs field (type II seesaw) [2] or SM triplet of fermions (called type III seesaw) [3] . A great deal of attention has been devoted to testing these ideas. As far as the type I seesaw is concerned, the prospects of testing this depends on the scale M N as well as any associated physics that comes with it at that scale. It can be accessible to current and future collider experiments if the scale is not far above a TeV. A different way to test the type I seesaw mechanism follows from the observation that this mechanism involves the mixing of the LH neutrinos with SM singlet heavy neutrinos as a result of which there would in general be violation of unitarity of the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix that describes only the mixing of the three light neutrinos. One could contemplate searching for such effects in oscillation experiments [4] . However, in the type I seesaw case, the resulting mixing effects are of order mν M N and since neutrino masses are in the sub-eV range, such non-unitarity effects are too small to be observable for generic high scale seesaw models. This would also be true with TeV mass RH neutrinos unless there are cancellations to get small neutrino masses from large Dirac masses using symmetries (see for example cases with [5] ). We note that the non-unitarity effects are also there in the type III seesaw case but not in the type II case even though they have other interesting effects such as LFV processes [6] .
Since the testability of seesaw is intimately related to the magnitude of the seesaw scale, a key question of interest is whether there could be any theoretical guidelines for the seesaw scale. In such a case, the searches for seesaw effects in experiments could then be used to test the nature of physics beyond the standard model. It is well-known that [7] the simplest grand unified theory (GUT) realizations of the seesaw mechanism are based on the SO(10) group which automatically predicts the existence of the RH neutrinos (along with the SM fermions) required by the seesaw mechanism. An advantage of GUT embedding of the seesaw mechanism is that the constraints of GUT symmetry tends to relate the Dirac neutrino mass M D to the charged fermion masses thereby making a prediction for the seesaw scale M N from observations. For type I seesaw GUT embedding, typical values for the M N are very high (in the range of 10 10 -10 14 GeV). This makes both the collider as well as non-unitarity probes of seesaw impossible. The key feature that leads to such restrictions in type I seesaw case is the close link between the B − L breaking RH neutrino mass and the smallness of the LH neutrino masses.
A completely different realization of the seesaw mechanism is the so-called inverse seesaw mechanism [8] , where instead of one set of three SM singlet fermions, one introduces two sets of them N i , S i (i = 1, 2, 3). In the context of SO(10) models, since one of the two sets can be identified with the SM singlet neutrino in the SO(10) 16-representation containing matter, the others would have to be a separate set of three SO(10) singlet fermions. Due to the existence of the second set of singlet fermions (and perhaps additional gauge symmetries e.g. SO(10)), the neutrino mass formula in these models has the form
where µ breaks the lepton number. Because of the presence of this new mass scale in this theory, the seesaw scale M N can be very close to a TeV even for "large" Dirac masses. This makes the tests of this possibility in colliders much more feasible. In fact it has recently been argued that [9] the inverse seesaw scenario can also lead to non-negligible nonunitarity effects which can be accessible at the future long-baseline neutrino oscillation experiments. There are also significant lepton flavor violation (LFV) effects in these models as noted many years ago in Ref. [10] . These possibilities have generated a great deal of interest in the inverse seesaw models in recent days [11] . Our effort in this paper focuses on possible grand unification of inverse seesaw models. Similar unification studies have been performed in Ref. [12] , but they have not addressed the non-unitarity issues.
An interesting question is whether such models are necessarily compatible with grand unification when the seesaw scale is in the TeV range and if so what kind of nonunitarity effects they predict. We find that it is indeed possible to embed the TeV scale inverse seesaw models within a simple SO(10) framework consistent with gauge coupling unification and realistic fermion masses. The SO(10) symmetry helps to reduce the number of parameters in the inverse seesaw matrix, once we require degeneracy of the TeV scale RH neutrinos to have successful resonant leptogenesis. Within this set of assumptions, we present our expectations for the non-unitarity effects as well as consequences for lepton flavor violation which are in the testable range in future experiments.
This paper is organized as follows: In Section 2, we describe the general framework of the inverse seesaw model and its embedding into a generic supersymmetric SO(10) theory. In Section 3, we analyze the non-unitarity predictions of the inverse seesaw model. In Section 4, we investigate a specific SO(10) breaking chain and obtain the gauge coupling unification with TeV scale left-right symmetry with unification scale consistent with proton decay bounds. In Section 5, we analyze the renormalization group (RG) evolution of the Yukawa couplings and obtain the running masses for quarks and leptons at the unification scale to check that our model leads to realistic fermion masses. In Section 6, we determine the Dirac neutrino mass matrix using the results of Section 5. In Section 7, we study the implication of our model on non-unitarity effects and its phenomenological consequences. A brief summary of the results is presented in Section 8. In Appendix A, we have given the expressions for the masses of the SO(10) Higgs multiplets in our model, and in Appendix B, we have derived the RG equations for the quark and lepton masses and the CKM mixing elements in the context of a supersymmetric left-right model.
The Inverse Seesaw Model
The inverse seesaw scheme was originally suggested [8] for theories which lack the representation required to implement the canonical seesaw, such as the superstring models. As noted in the introduction, the implementation of the inverse seesaw requires the addition of three extra SM gauge singlets S i coupled to the RH neutrinos N i through the lepton number conserving couplings of the type NS while the traditional RH neutrino Majorana mass term is forbidden by extra symmetries. The lepton number is broken only by the self coupling term µS 2 . The mass part of the neutrino sector Lagrangian in the flavor basis is given by
where µ is a complex symmetric 3 × 3 matrix (with dimension of mass), and M D and M N are generic 3 × 3 complex matrices representing the Dirac mass terms in the ν -N and N -S sectors respectively. In the basis {ν, N, S}, the 9 × 9 neutrino mass matrix becomes
The LH neutrinos can be made very light (sub-eV scale), as required by the oscillation data, even for a low M N , much smaller than the unification scale (M N ≪ M G ), provided µ is sufficiently small, µ ≪ M N , as the lepton number breaking scale µ is decoupled from the RH neutrino mass scale. Assuming µ ≪ M 
N is a complex 3 × 3 matrix. We note that in the limit µ → 0 which corresponds to the unbroken lepton number, we have massless LH neutrinos as in the SM. In reality, a small non-vanishing µ can be viewed as a slight breaking of a global U(1) symmetry; hence, the smallness of µ is natural, in the 't Hooft sense [13] , even though there is no dynamical understanding of this smallness.
The generic form of the inverse seesaw matrix in Eq. (3) has more parameters than the usual type I seesaw. However, if we embed this theory into a grand unified theory such as SO (10) , that will help in reducing the parameters as we show below. In order to embed the inverse see-saw mechanism into a generic SO(10) theory, we have to break the B − L symmetry by using a 16 ⊕ 16 pair rather than the 126 ⊕ 126 pair of Higgs representation. All the SM fermions are accommodated in a single 16 F representation of SO(10) and we use three copies of 16 i F for three generations. For each of them, we add a gauge singlet fermion 1 i F to play the role of S i . We assume more than one copy of 10 H Higgs multiplets in order to have a realistic fermionic spectrum.
The SO(10) invariant renormalizable Yukawa superpotential is given by
After the B − L symmetry breaking, we get the neutrino mass matrix in Eq. (3) with M D = hv u and M N = fv R , where v u is the vacuum expectation value (VEV) of one (or, a linear combination) of the 10 H 's andv R the VEV of the 16 H . In a typical TeV-scale scenario with v u ∼ 100 GeV (electroweak scale) andv R ∼ TeV, assuming µ ≪ v u <v R , we find the lightest neutrino mass from Eq. (1) in a one generation theory to be
and the two other heavy eigenstates with mass of order fv R . Thus, we can get sub-eV light neutrino mass for µ ∼ keV. Since this is a supersymmetric theory, such small values do not receive radiative corrections and keep the model natural. In the following section, we consider three generations which then results in the non-unitarity effect.
It is important to note that in our model, we do not need to impose a discrete R-parity to our matter fermions, unlike the usual 16 H SO(10) models discussed in literature, in order to prevent fast proton decay via dimension-4 operators of the type 
where U is the standard PMNS matrix. Since the above diagonalization of m ν does not diagonalize the matrices M N and µ, there will be off-diagonal mixing between the different light neutrinos even after diagonalization of m ν due to their mixing with the heavy neutrinos. In other words, in the basis where the charged-lepton mass matrix is diagonal, U is only a part of the full mixing matrix responsible for neutrino oscillations. We have to examine the full 9 × 9 unitary matrix V which diagonalizes the mass matrix M ν given by Eq. (3):
We can decompose V into the blocks
Then the upper-left sub-block V 3×3 will represent the full (non-unitary) PMNS mixing matrix. For a TeV-scale M N and a reasonably small µ, it is sufficient to consider only up to the leading order in F . Then the new PMNS matrix becomes [14] 
In the commonly used parametrization [15] , N = (1−η)U, and hence, all the non-unitarity effects are determined by the Hermitian matrix η ≃ 
where
Then the charged-current Lagrangian in the mass basis is given by
This mixing between the doublet and singlet components in the charged-current sector has several important phenomenological consequences, as listed below:
1. The flavor and mass eigenstates of the LH neutrinos are now connected by a nonunitary mixing matrix N = (1 − η)U, where the non-unitarity effects entering different neutrino oscillation channels are measured by the parameter η. In particular, the CP -violating effects in the leptonic sector will now be governed by the PMNS matrix N instead of U through the Jarlskog invariant [16]
where the indices α = β run over e, µ and τ , while i = j can be 1, 2 and 3. In the standard PMNS parametrization of U by the three mixing angles θ ij and the Dirac CP -phase δ, one can expand Eq. (12) up to second order in η αβ and s 13 ≡ sin θ 13 (assuming those to be small) to obtain
where the first term governs the CP -violating effects in the unitary limit and the second term gives the contribution coming from the non-unitarity effect:
Note that the unitary term J vanishes if either s 13 → 0 or δ → 0. However, ∆J ij αβ depends on the off-diagonal elements of η (generally complex) and does not necessarily vanish even if both s 13 and δ are zero; in fact, it might even dominate the CP -violating effects in the leptonic sector.
2. The heavy neutrinos N i andÑ i entering the charged-current sector can also mediate the rare lepton decays, l
Hence, unlike in the canonical seesaw model where this contribution is suppressed by the light neutrino masses [17] , in this case it is constrained mainly by the ratio
N . The LFV decays mediated by these heavy neutrinos have branching ratios [10] 
where Γ α is the total decay width of l α and the function I(x) is defined by
For degenerate RH neutrino masses, a reasonable assumption inspired by resonant leptogenesis [18] , the amplitude is proportional to KK † αβ
, and hence, for sizeable F and TeV-scale RH sector, one could expect appreciable rates in the LFV channels. On the other hand, in the conventional type I seesaw model, one has approximately
, and therefore, the branching ratio, BR(
3. The heavy neutrinos N i andÑ i also couple to the gauge sector of the SM and can be produced on-shell, if kinematically accessible, at hadron colliders via the gauge boson exchange diagrams. Due to their pseudo-Dirac nature, the striking lepton number violating LHC signature of the fine-tuned type I and type III scenarios, namely pp → l ± α l ± β + jets, will be suppressed for heavy Majorana states due to cancellation between the graphs with internal lines of the N andÑ type which have opposite CP -quantum numbers. However, the LFV processes are insensitive to this effect and one can expect to get observable signals at the LHC. The most distinctive signature would be the observation of LFV processes involving three charged leptons in the final state plus missing energy, i.e. pp → l
Thus we see that the phenomenology of the inverse seesaw mechanism depends crucially on the mass ratio
N . As noted earlier, we can choose the RH neutrino masses to be degenerate (with eigenvalue m N ), inspired by resonant leptogenesis. So we are left with a single mass parameter m N , together with the Dirac mass matrix M D and the arbitrary small mass parameter µ. In what follows, we explicitly determine the form of M D in the context of a realistic supersymmetric SO(10) model and then use the present experimental bounds on the elements of the non-unitary parameter |η| to get a lower bound on the RH neutrino mass scale m N . Finally we fit the observed LH neutrino mass and mixing parameters by the inverse seesaw formula to determine the structure of µ. We then study the phenomenological consequences of our results.
Embedding Inverse seesaw in realistic SO(10) GUT
As we have mentioned earlier, in order to embed the inverse seesaw mechanism into a supersymmetric SO(10) theory, we have to break the B −L symmetry by using a 16 ⊕ 16 pair rather than a 126 ⊕ 126 pair of Higgs representation. In this context, there are two symmetry breaking chains that are particularly interesting:
• SO(10)
where, as an example of our notation, 3 c means SU(3) c . In this paper, we consider only the former (and simpler) case of SO(10) breaking chain. It was shown in Ref. [20] that it is possible to obtain the gauge coupling unification in this model with a low-energy (TeV-scale ) SU(2) R symmetry breaking scale M R . However, they considered only one 10 H Higgs field which contains only a single bi-doublet (corresponding to the (1,2,2,0) representation of 3 c 2 L 2 R 1 B−L ). Getting a realistic fermion mass spectrum in this model is difficult (see, however, some recent ideas [22] on how this could be done). Instead, we consider a model with two 10 H at the TeV scale. This requires that we reexamine the unification issue with two Higgs bi-doublets. We show that we not only obtain the gauge coupling unification at a scale consistent with the proton decay bounds, but also successfully reproduce the observed fermion masses and mixing.
To study the running of the gauge couplings and the possibility of their unification at a scale M G ∼ 10
16 GeV, we divide the whole energy range (M Z , M G ) into three parts, according to the above mentioned symmetry breaking chain:
• First, we have the well known SM from the weak scale M Z to the SUSY-breaking scale M SUSY (which, for practical purposes, we assume to be a little higher than M Z );
• Then we have the MSSM from M SUSY to the B − L breaking scale M R (which is assumed to be of order TeV, so that it is of interest for colliders);
• Finally, we have the Supersymmetric Left-Right (SUSYLR) model from M R to the unification scale M G (expected to be around 10 16 GeV).
The running of the gauge couplings at one-loop level is determined by the RG equation
,μ is the energy scale, and b i 's are the coefficients of the one-loop β-functions. The SM and MSSM β-functions are well known [23] :
where i stands for 1 Y , 2 L , and 3 c respectively. Before calculating the β-functions for the SUSYLR model, let us first discuss the particle contents of this model.
Particle Content of the SUSYLR Model
Here we consider only the doublet implementation of the SUSYLR model [24] , i.e. we use SU(2) doublets of the 16 H Higgs field to break the B − L symmetry. In order to keep the model general, we allow for an arbitrary number of these doublet fields, to be denoted by n L and n R respectively for SU(2) L and SU(2) R doublets. Likewise we have n 10 bi-doublets of the 10 H Higgs field which, on acquiring VEVs, give masses to the fermions through Yukawa couplings. We also allow for an arbitrary number n S of singlet fields S α . This is the minimal set of particles in a generic SUSYLR model.
However, it turns out that with this minimal set of particles, it is not possible to obtain the gauge coupling unification at a scale higher than ∼ 10 15 GeV as required from current bounds on proton decay lifetime, τ p > ∼ 10 34 years [25] . As we have shown later in Section 4.2, unification is possible only after adding the contribution from the color triplets 3, 1, 
The B − L quantum numbers given here are not GUT renormalized; to do so, we multiply a factor of 3 2 (not 3 8 as mentioned in Ref. [24] ).
unification scale M G . It is justified in Appendix A that it is indeed possible to have these color triplets at TeV scale while all the other Higgs multiplets are still naturally heavy at the GUT-scale.
The particle content and their representations under the 3 c 2 L 2 R 1 B−L gauge group are summarized in Table- 1. Following the notation of Ref. [24] , the SU(2) doublets and bi-doublets are represented as
Other doublet pairs can be written in a similar way as the (Q, Q c ) pair. The charges of the fields must obey the relation
Gauge Coupling Unification
The β-function for a general supersymmetric model is given by [23] 
for n g generations of fermions, the gauge group SU(N), and the complex Higgs representation parametrized by T (S N ). For U(1) gauge group, N = 0 in Eq. (21) and the gauge coupling is normalized as usual. For the particle content given by Table-1, the Higgs contributions in our SUSYLR model are explicitly given by
Hence for three fermion generations, we find the β-functions for our SUSYLR model to be
where i stands for 1 B−L , 2 L , 2 R and 3 c respectively. Using these β-functions, we can now obtain the running of gauge couplings up to the scale M G , knowing the initial values
and the matching condition [27] 
For numerical purposes, we assume M SUSY = 300 GeV and M R = 1 TeV. Also we take the number of Higgs bi-doublets, n 10 = 2. However, the number of Higgs doublets can be arbitrary and we vary these parameters to get the unification. As shown in Figure-1 , we achieve the gauge unification for n L = 0 and n R = 2, with the unification scale parameters
16 GeV, and α
Note the asymmetry between n L and n R . We show in the appendix that since the VEV of the 45 H Higgs breaks D-parity and decouples it from the SU(2) R breaking scale [28] , it is possible to have only the right-handed doublets and no left-handed ones below the GUT scale. This leads to the asymmetry between α 2L and α 2R , with α 2L α 2R ≃ 1.3 in our case.
RG evolution of the fermion masses and mixing
The RG evolution of the fermion masses and mixing have been extensively studied for both the SM and the MSSM cases [29] , but not for the SUSYLR model, even though the analytical expressions for the Yukawa couplings have already been derived in Ref. [24] . 
Gauge coupling unification in the SUSYLR model. We have used n 10 = 2, n L = 0, n R = 2, M SUSY = 300 GeV and M R = 1 TeV. As the running behavior is mostly controlled by the SUSYLR sector, the values of M SUSY and M R can be relaxed a little bit, still preserving unification. However, it should be emphasized that the choice of the number of bi-doublets and doublets is the only possible choice consistent with both gauge coupling unification as well as realistic fermion masses. Increasing n 10 or n L , or changing n R in either way, will spoil the unification, and as already noted, reducing n 10 will not give us a realistic fermion mass spectrum.
Here we present a detailed RG analysis in our SUSYLR model and obtain the quark and lepton masses and the CKM matrix elements at the unification scale M G . The superpotential relevant for the RG evolution of the Yukawa couplings in the SUSYLR model is given by [24] 
where we have suppressed the generational and SU(2) indices. Also we have ignored all non-renormalizable terms in the superpotential as their contributions to the RGEs are suppressed by M R /M G . We note that the superpotential given by Eq. (26) has two additional terms of the form SLχ and SL c χ c (as required by the inverse seesaw model) as compared to that given in Ref. [24] . Also note that since the δ, δ fields do not couple to any of the matter fields, they do not affect the renormalization group running except through their effect on the color gauge coupling evolution.
We have seen from the previous section that the gauge coupling unification requires that we take two SU(2) R doublets and no SU(2) L doublet of Higgs fields. Hence, dropping the χ, χ terms from the superpotential of Eq. (26), we have
where a = 1, 2; q = 1, 2 and α = 1, 2, 3 corresponding to the two bi-doublets, two RH doublets and three fermion singlets, respectively. The renormalization group equations (RGEs) for the Yukawa couplings h a and h ′ a in Eq. (27) are given by (with t = lnμ)
where the repeated indices are summed over and a, b = 1, 2; q = 1, 2; and α = 1, 2, 3 corresponding to the two Higgs bi-doublets, two SU(2) R doublets and three fermion singlets respectively. Note that we have an additional contribution to the RGE of the lepton Yukawa coupling h 
and we identify the ratio
GeV. For numerical purposes, we use tan β (MSSM)=10. To obtain the RGEs for the mass matrices, we choose the most frequently used renormalization scheme [29] where the Yukawa couplings and the Higgs VEVs run separately. The RGEs for the Higgs VEVs are obtained from the gauge and scalar self-energy contributions: −0.00027 GeV, and with the quark-sector mixing parameters θ 12 = 13.04
• ± 0.05
• , θ 23 = 2.38
• ± 0.06
• and δ 13 = 1.20 ± 0.08, and the SM and MSSM Yukawa RGEs [29] we numerically solve the SUSYLR RGEs given in Appendix B to obtain the running quark and lepton masses and the CKM matrix elements at the unification scale M G : 
We also have a mild running for tan β with tan β(M G ) = 7 from tan β(M R ) = 10. Figure-2 shows the running of the quark and charged lepton masses up to the unification scale M G . Note that we are able to generate the fermion mass spectrum at the GUT scale with m
Figure-3 shows the running of the CKM elements involving the third generation. Note that in addition to the significant running for the third generation CKM elements V ub, cb, td, ts , we have a relatively milder running for the other elements as well [cf. Eq. (33)], even in the third-generation dominance approximation. This is a characteristic of the Left-Right model, in contrast with the MSSM case where in the third generation dominance, the first and second generation elements do not run at the one-loop level.
The Dirac Mass for Neutrinos in a Specific SO(10) Model
As discussed in Section 2, in order to implement the inverse seesaw mechanism, we have to use the class of SO (10) pair. We also need at least two 10 H and a 45 H to have a realistic fermion spectrum. With this minimum set of Higgs multiplets {10 H , 16 H , 16 H , 45 H }, several SO(10) models have been constructed [30] . All these models require various dimension-5 operators to get right fermion masses: in principle, they are also present in our model. However, most of them e.g. 
This operator is suppressed only by
as the 45 H acquires a VEV at the scale M G and plays an important role in the fermion mass fitting given below.
The fermion mass splitting is obtained by the completely antisymmetric combination of the operator given by the expression (35), i.e. in the notation of Ref. [31] 
In this model, the fermion mass matrices at the GUT-scale have the following form:
where the h u,d matrices come from the usual Yukawa terms h ij 16 i 16 j 10 H (10 ′ H ) and the f matrix comes from the 45 H contribution given by the expression (35), where we have assumed the same coupling for both the 10 H fields. The tilde denotes the normalized couplings with mass dimensions where the VEVs have been absorbed. We know the nine eigenvalues of the quark and charged lepton mass matrices at the scale M G from our RG analysis in Section 5; however, we have 18 unknowns (for 3 hermitian matrices) to fit into Eq. (39) . Hence a unique fit is not possible; we just give here one sample fit that is consistent with all the masses and mixing at the GUT scale obtained from the RGEs.
We work in a basis in which the charged lepton mass matrix is diagonal, i.e.
This immediately implies from Eq. (39) that
For simplicity, let us choose thef -matrix to be diagonal. Then Eq. (40) implies thath d is also a diagonal matrix. We also have the following relations: Theh u matrix can now be determined by fitting to M u which, in this basis, is given by It may be noted here that even though the specific form of the Dirac neutrino mass matrix may depend on the choice of the particular basis we have chosen, the individual values of the matrix elements are more or less fixed by the up-type quark mass values, due to the mass relation (39) , and hence, do not depend on the basis so much. Therefore, all the predictions of the model that follow from the form of M D given by Eq. (45) will be independent of the initial choice of our basis, upto a few %.
7 Non-unitarity effects in the lepton mixing matrix
In this section we obtain the non-unitarity parameter η using the structure of the Dirac neutrino mass matrix obtained in Eq. (45) and discuss the phenomenological consequences of our results.
Bounds on |η|
As discussed in Section 3, the non-unitarity parameter is given by
For simplicity, choosing M N to be diagonal, and motivated by resonant leptogenesis, assuming degenerate eigenvalues for M N equal to m N , we have
With the form of M D derived in the last section after extrapolation to the weak scale, we can readily calculate the elements of η: 
This gives a lower bound on the mass of the RH neutrino:
which should be kinematically accessible at the LHC to be produced on-shell. Note that the right handed neutrinos are pseudo-Dirac fermions in our model (with small Majorana component) which is distinct from the type I seesaw models where they are pure Majorana. As a result the like sign dilepton final states which are the "smoking gun" collider signals of type I seesaw are suppressed in our model; however, the trilepton signals can be used in this case for testing these models [19] . With this lower bound on m N , we get the following improved bounds on |η αβ |:
At least one of these bounds, namely |η eµ |, is reachable at future neutrino factories from the improved branching ratio of µ → eγ down to 10 −18 [33] . Similar sensitivities are also reachable in the PRISM/PRIME project [34] . We note that relaxing the condition of degenerate RH neutrinos but fitting the neutrino masses affects the values of η αβ ; we present these results in Table- 2. It appears that |η eµ | values are all accessible to the future µ → e + γ searches; The largest value of |η µτ | in this table may also be accessible to neutrino oscillation experiments, preferably with short baseline (L < ∼ 100 km).
|η eµ | |η eτ | |η µτ | 1100 1100 1100 3.7 × 10 
Fitting the Neutrino Oscillation Data
The structure of the small mass parameter µ can be obtained using the inverse seesaw formula, Eq. (1):
where m ν is diagonalized by the new PMNS matrix N = (1 − η)U instead of U in Eq. (6):
The form of U is obtained from the standard PMNS parametrization using the 2σ results from neutrino oscillation data [35] 
Here we assume θ 13 = 0. Now using the form of η obtained in Eq. 
CP -violation effects
The CP -violation effects due to non-unitarity are measured by the Jarlskog invariant ∆J ij αβ given by Eq. (13) . Note that ∆ ij αβ is non-zero in our case as η is a complex matrix (the phases arising from the Dirac neutrino sector). Using the values of θ ij obtained from neutrino oscillation data given by Eqs. (54) and the structure of η determined in Eq. (48) with m N = 1.1 TeV, we obtain the following values for ∆J [26] , and can be the dominant source of CP -violation in the leptonic sector for vanishing θ 13 , thus leading to distinctive CP -violating effects in neutrino oscillations [36, 37] . For instance, the transition probability for the "golden channel" ν µ → ν τ with non-unitarity effects is given by [36] 
where the last term is CP -odd due to the phase δ µτ of the element η µτ which, in our model, is ∼ 7 × 10 −6 [cf. Eq. (48)]. Hence, the CP -violating effects should be pronounced for long-baseline neutrino factories.
LFV decay rates
Lepton flavor violating decays such as µ → eγ, τ → eγ and τ → µγ are often a signature of seesaw models for neutrino masses. In this model, they can arise from the non-unitarity effects and can be obtained using Eq. (16) which, for degenerate RH neutrinos, becomes :
with K = V 3×6 and I(x) defined in Eq. (17) . Now that we know all the three 3 × 3 mass matrices entering the inverse seesaw formula given by Eq. (3), we can easily determine the structure of the full unitary matrix V by diagonalizing the 9 × 9 neutrino mass matrix M ν , and hence, obtain V 3×6 . The total decay width Γ α entering Eq. (62) is given byh/τ α where the mean life for µ and τ are, respectively [26] τ µ = (2.197019 ± 0.000021) × 10 −6 sec.,
Using these values, we obtain the following branching ratios for the rare LFV decays We have estimated the contribution to µ → e + γ branching ratio from the off diagonal Dirac Yukawa coupling contribution to slepton masses and find that for universal scalar mass of 500 GeV and tan β ≃ 5, it is comparable to this value or less. Such values for µ → eγ branching ratio are accessible to future experiments [33, 34] capable of reaching sensitivities down to 10 −18 . They can be used to test the model. In our model we assume that squark and slepton masses are above a TeV so that their contribution to the flavor changing neutral current effects are negligible. The predictions for µ → 3e and µ → e conversion [38] for a TeV-scale slepton mass, as in our model, are much smaller than what can be probed in planned experiments.
Summary
In conclusion, we have presented a TeV scale realistic inverse seesaw scenario that arises from a supersymmetric SO(10) model consistent with gauge coupling unification and fermion mass spectrum. This required us to carry out an extrapolation of quark masses and mixing to the GUT scale with a TeV scale SUSYLR rather than MSSM. This appears to be the first time that such an extrapolation is carried out. Implementation of inverse seesaw within the SO(10) helps to reduce the number of parameters making the model predictive. We present our expectations for the non-unitarity of the PMNS leptonic mixing matrix with the choice of parameters and its other phenomenological consequences. The heavy RH neutrinos which are pseudo-Dirac fermions have TeV scale mass and can be produced in colliders, thus giving rise to distinctive signatures. We also give our predictions (with our choice of parameters) for the non-unitarity contribution to the branching ratios for the rare LFV decays of muons and taus. The model can also be tested by the production of W R and Z ′ bosons which are at the TeV scale. Of these, the branching ratio µ → e + γ could be testable in future experiments. Some of the elements of the non-unitarity matrix |η| predicted by our model may be accessible to the next generation neutrino factories too. (TeV scale) whereas all the other states are very heavy at GUT scale, and hence, do not contribute to the RG running. It turns out that we need to have at least two 45 H 's in our model in order to have these light color triplets.
The most general Higgs superpotential with two A ≡ 45's and a E ≡ 54 Higgs fields is given by
where we have absorbed the AA ′ term by a redefinition of the fields. The Higgs fields A, A ′ and E contain three directions of singlets (with A and A ′ VEVs parallel) under the SM subgroup 3 c 2 L 1 Y [39] . The corresponding VEVs are defined by
where in the notation of Ref. [39] , the unit directions A i and E in the Y -diagonal basis are given by
where the upper and lower indices denote the 3 c 2 L 1 Y and 4 c 2 L 2 R quantum numbers respectively. The unit directions in Eq. (67) satisfy the orthonormality relations
The superpotential of Eq. (66) calculated at the VEVs in Eq. (67) is given by
using the definitions in Eqs. (68) and the orthonormality relations given by Eqs. (69). The VEVs are determined by the minimization of the superpotential with respect to the fields:
This yields a set of five equations for
and E:
As in our model, the SO (10) 
Hence it follows from Eqs. (72) that
In order to study the mass matrices, it is convenient to decompose the Higgs representations under the SM gauge group 3 c 2 L 1 Y . In Table-3 we present the explicit decompositions of all the Higgs representations under the chain of subgroups
Using the Clebsch-Gordan coefficients given in Ref. [39] , we obtain the masses of these multiplets as follows. The basis designating the columns (c) of the mass matrices is given in the same way as in Table-3 while the rows (r) are designated by the corresponding complex conjugated 3 c 2 L 1 Y multiplets.
First, we obtain the masses of the multiplet 3, 1, 
using Eq. (73). It is obvious that det(M δ ) = 0, and hence, one of the two eigenvalues is zero while the other eigenvalue is given by
The zero eigenvalues (six in total) are easily identified as the longitudinal Nambu-Goldstone modes as the SU(4) c gauge group breaks to SU(3) c × U(1) B−L and they acquire mass of order M G by the usual Higgs mechanism once the 45 H gets VEV at the GUT scale. We keep the other six eigenvalues given by Eq. (75) at TeV scale by fine-tuning the coupling λ 3 . In what follows, we explicitly calculate the mass eigenvalues for all the other multiplets given by Table- 3 and show that it is possible to have only the above six massive δ's at the TeV scale while all the other states of 45 and 54 are heavy at the GUT-scale.
We note that once we assume λ 3 to be small, the effect of the second 45 H multiplet becomes negligible and we can as well drop the primed terms in the superpotential. For simplicity, we also assume that A 2 = E ∼ M G . Then the VEV conditions given by Eqs. (72) yield
We list below the mass eigenvalues for all the multiplets given in Table-3 .
• ( 
So the mass eigenvalues are 
with the eigenvalues
• 3, 2, 
with the same eigenvalues as the previous one:
So the mass eigenvalues are
There is only one such multiplet whose eigenvalue is given by c : E
• 6, 1, − 
λ 1 (which we assume not to be the case).
Thus we see that all the other multiplets have non-zero masses, and moreover, all these masses are of order E ∼ M G . Hence, none of these multiplets will contribute to the running of gauge coupling up to the unification scale M G except the color triplets since these color triplets have masses of order of the SUSY breaking scale. Note that the 10 H -Higgs field also has a color triplet pair 3, 1, − 2 3 + c.c. under the SM gauge group, apart from the TeV-scale bi-doublet fields Φ 1,2 used in the SUSYLR model in Section 4 which reduce to (1, 2, ±1) under the SM gauge group. At the GUT-scale, the H ≡ 10 H field interacts with the E ≡ 54 H field by the following term in the superpotential:
After the 54 H acquires a VEV, this gives rise to the color triplet mass ; r : H (3,1, 
We see that the (1, 2, ±1) field can be made light by fine-tuning m 3 + field heavy (of order M G ). Finally, let us discuss how only the right handed doublets fields (χ c , χ c ) from 16 H -Higgs fields (ψ H ) remain massless at the GUT scale. Note that in the left-right language, the fields in 16 are Q H (3, 2, 1, ) and χ (1, 2, 1, −1 
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